Fringe proteins are ␤1,3-N-acetylglucosaminyltransferases that modulate signaling through Notch receptors by modifying Olinked fucose on epidermal growth factor domains. Fringe is highly conserved, and comparison among 18 different Fringe proteins from 11 different species identifies a core set of 84 amino acids that are identical among all Fringes. Fringe is only distantly related to other glycosyltransferases, but analysis of the predicted Drosophila proteome identifies a set of four sequence motifs shared among Fringe and other putative ␤1,3-glycosyltransferases. To gain functional insight into these conserved sequences, we genetically and molecularly characterized 14 point mutations in Drosophila fringe. Most nonsense mutations act as recessive antimorphs, raising the possibility that Fringe may function as a dimer. Missense mutations identify two distinct motifs that are conserved among ␤1,3-glycosyltransferases, and that can be modeled onto key motifs in the crystallographic structures of bovine ␤1,4-galactosyltransferase 1 and human glucuronyltransferase I. Other missense mutations map to amino acids that are conserved among Fringe proteins, but not among other glycosyltransferases, and thus may identify structural motifs that are required for unique aspects of Fringe activity.
F
ringe (FNG) proteins modulate signaling through Notch receptors (reviewed in refs. 1 and 2). Notch receptors are transmembrane proteins that are activated by the binding of DSL ligands to epidermal growth factor repeats in the Notch extracellular domain (reviewed in ref. 3) . Two ligands are known in Drosophila, Delta and Serrate, whereas mammals possess three Delta-related ligands and two Serrate-related ligands. Notch signaling plays important roles during the development of most tissues in the body, and human genetic diseases have been associated with mutations in genes in the Notch pathway, including cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), leukemia, spondylocostal dystosis, and Alagille (reviewed in ref. 4) . Although the Notch pathway mediates a wide range of cell fate decisions, the influence of fringe ( fng) genes on Notch signaling has been best studied during the development of the Drosophila wing. In the developing wing imaginal disk, FNG inhibits the ability of Serrate to activate Notch, and potentiates the ability of Delta to activate Notch. These effects of FNG position a stripe of Notch activation along the border between dorsal and ventral cells, which is essential for the subsequent patterning, growth, and compartmentalization of the wing (reviewed in refs. 5 and 6) .
Drosophila and vertebrate FNG proteins are highly conserved and possess an unusual ␤1,3-N-acetylglucosaminyltransferase activity that elongates O-linked fucose within EGF domains (7, 8) . Although FNG is not closely related to other glycosyltransferases, it does share a few short sequence motifs with certain other glycosyltransferases (9) , and we report here that it is most closely related to members of a ␤1,3-glycosyltransferase (␤3GT) superfamily. These enzymes use a variety of sugar donors and acceptors, but all transfer the sugar from a UDP-sugar donor, creating a ␤ linkage between the 1 carbon of the donor and the 3 carbon of the acceptor. With the exception of site-directed mutations in a DDD motif of FNG (7, 8, 10, 38) , the functional requirements for conserved sequence motifs in FNG or other ␤3GTs have not been assessed. Moreover, the only crystallographic structure for a ␤3GT determined to date is that of human glucuronyltransferase I (GlcAT-I), which does not share significant primary sequence similarity with FNG.
Here, we employ two complementary approaches to identify functionally important amino acids within FNG: sequence conservation, and genetic and molecular characterization of mutations in Drosophila fng. Because of the great interest in the Notch pathway and its modulation by FNG, sequence information is available for FNG from a wider variety of organisms than for any other eukaryotic glycosyltransferase, and we report here the sequence of an additional insect fng gene. Genetically, fng is the best characterized glycosyltransferase in Drosophila, which is, in turn, one of the best eukaryotic systems for genetic analysis. The distinct requirements for fng in Drosophila have facilitated the isolation of a large number of randomly induced point mutations, which provides for an unbiased means of identifying key amino acid residues. By combining molecular analysis of these mutations with global comparisons to other putative ␤3GTs, and by modeling three conserved motifs onto the crystallographic structures of ␤1,4-galactosyltransferase 1 (␤4GalT1) and GlcAT-I, we identify key motifs within FNG that are essential for function and are conserved among ␤3GTs, as well other motifs that are essential for function and are unique to FNG. were isolated in a screen for mutations that affect imaginal development in homozygous clones (12) . All alleles were tested for temperature sensitivity by test crosses at 18, 25, and 29°C. Except in the case of fng M69 , all additional crosses were then conducted at 25°C.
Methods
Cloning of P. coenia fng. A cDNA library from Precis coenia (gift of S. Carroll, Howard Hughes Medical Institute, University of Wisconsin, Madison) was screened by low stringency hybridization using 32 P-labeled Drosophila fng cDNA 103 (11) as a probe. Labeled plaques were isolated and characterized by Southern blotting and DNA sequencing.
Cloning and Sequencing of Drosophila fng Mutations. Homozygous mutant animals were identified by using the GFP-marked chromosome TM3, Kr-Gal4 UAS-GFP (13) . 50 Non-GFP-expressing animals were ground in 100 mM Tris⅐HCl, pH 7.5͞100 mM EDTA͞100 mM NaCl͞0.5% SDS, incubated at 65°C for 30 min, and protein and RNA were precipitated by addition of 400 l of 1.4 M KOAc͞4.3 M LiCl, followed by incubation on ice for 10 min and centrifugation for 15 min. Supernatant (500 l) was transferred to a new tube, and DNA was precipitated by the addition of 300 l of isopropanol and centrifugation for 15 min, washed in 70% ethanol, and resuspended in 75 l of TE buffer.
The coding portions and flanking DNA of the seven exons of fng were amplified by PCR using Herculase polymerase (Stratagene). Both strands were completely sequenced for each exon and any ambiguities or mutations were resequenced. Primer sequences are available in Supporting Methods, which is published as supporting information on the PNAS web site, www.pnas.org.
Sequence Comparisons and Database Analysis. FNG proteins and glycosyltransferase families B and F were aligned by using the PILE UP algorithm of GCG 10. fng-related genes were identified using the National Center for Biotechnology Information PSI-BLAST search engine (www.ncbi.nlm.nih.gov͞blast). All of the genes identified in Fig. 2 A-H were identified after five iterations, and no additional genes were identified through additional iterations. Each related gene was then used as a probe in standard BLASTP against the predicted Drosophila proteome (14) , using the Drosophila genome database at the Berkeley Drosophila Genome Project (www.fruitfly.org͞blast). PSI-BLAST E values and alignments, multiple sequence alignments for families b and f, and BLASTP E values are available (see Fig. 4 , which is published as supporting information on the PNAS web site).
Statistics. PRISM software (GraphPad, San Diego) was used to compare phenotypic scores by two-tailed, unpaired t test with Welch's correction for unequal variances.
Results and Discussion
Sequence Similarity Among fng Genes. The conservation of amino acids between distantly related species provides an indication that these amino acids make an important contribution to normal protein function. In work that preceded the initial identification of vertebrate fng-related genes, a homologue of Drosophila fng was cloned from the butterfly species P. coenia, which diverged from Drosophila Ϸ300 million years ago. Although the sequences of 14 different vertebrate fng genes have now been reported, only two additional insect fng genes have been reported to date, and both are incomplete at the amino terminus. In Fig. 1 , the predicted amino acid sequence of P. coenia fng is aligned together with the three other insect fng genes. Although the four insect fng genes are more similar to each other than they are to any of the vertebrate fng genes, the majority of the amino acids conserved among predicted insect FNG proteins are also conserved among vertebrate FNG proteins. Indeed, within the 261-aa domain that is conserved among FNG proteins (corresponding to amino acids 149-410 of Drosophila FNG), 32% of the amino acids are identical among all 18 sequenced fng genes ( Fig. 1, and Fig. 5 , which is published as supporting information on the PNAS web site). Multiple alignment provides a more stringent comparison than simple pairwise alignments, and these 84 amino acids constitute a core of structural elements that are presumably essential for normal FNG function. The high degree of sequence similarity among fng genes is consistent with the conserved enzymatic activity of Drosophila and mammalian FNG (8), and with the biological activity of mouse fng genes expressed in Drosophila (15, 16) .
Sequence Similarities Among ␤3GTs. FNG is not closely related to any other proteins encoded by the Drosophila genome (ref. 14; Fig. 4 ). However, by using the PSI-BLAST program (17), a set of additional Drosophila proteins was identified with weak similarity to FNG (Fig. 2 B-H and Fig. 4) . Notably, most of these proteins are related to mammalian proteins that have been identified as having a ␤3GT activity ( Fig. 2 and Fig. 4 ). We therefore propose that all of these proteins comprise a superfamily of Drosophila ␤3GTs. To more clearly define the relationships among these putative ␤3GTs, each was used as the query in a BLASTP search of the predicted Drosophila proteome. This analysis, together with consideration of shared sequence motifs, allowed their division into two families including several proteins more closely related to each other than to the other ␤3GTs ( Fig. 2 B and F and Fig. 4) , and six families with only a single member.
All but three of these putative ␤3GTs include the same four highly conserved sequence motifs (Fig. 2 , motifs i-iv), in the same order. The remaining genes (CG3038, CG2983, and CG4351) lack good matches to all four motifs, but do appear to Table 1 ).
include two to three of them. These motifs overlap sequences identified as being shared within certain families of glycosyltransferases (9, (18) (19) (20) (21) , but, with the exception of the DXD sequence within motif ii (19) , have not been identified as common to all ␤3GTs. Only one known class of ␤3GTs in Drosophila consisting of three GlcATs (22), was not identified by PSI-BLAST or BLASTP as being related to our proposed ␤3GT superfamily. Nonetheless, on manual inspection, three of the conserved motifs could be identified in these GlcATs and aligned with those of the other ␤3GTs (Fig. 2I) .
Sequence comparison among different families of glycosyltransferases led to identification of a highly conserved DXD motif in a wide range of glycosyltransferases (19) , which likely corresponds to the DDD sequence within motif ii of ␤3GTs. Intriguingly, almost all of the ␤3GTs we identified also contain an acidic motif (DD or ED, within motif iv) carboxyl-terminal to the DDD sequence. Acidic motifs have been identified at a similar location in ␤4GalTs (EDDD) and polypeptide Nacetylgalactosaminyltransferases (EXXE; reviewed in ref. 23 ). Moreover, although ␤4GalTs have a highly conserved motif, including GGV, in between the two acidic motifs, most members of the ␤3GT family (Fig. 2) have GAG or similar sequences within motif iii. Based on the order, spacing, and structural similarities among these motifs, we propose that they serve identical functions. Implicit in this suggestion is the notion that one can model these motifs in the primary sequences of ␤3GTs onto the tertiary structure of ␤4GalT.
The central feature of the crystallographic structure of bovine ␤4GalT1 is a large open pocket (24, 25) . The amino acids DVD, GG, and EDD within motifs ii, iii, and iv are all solvent-exposed and are located near the bottom of the pocket (Fig. 2, and Fig.  6 , which is published as supporting information on the PNAS web site). The structure of ␤4GalT1 has been solved in complex with its cofactor, Mn ϩϩ , and its donor substrate, UDP-galactose (24, 25) . Amino acids within all three of these motifs make contacts with UDP-galactose. In addition, DVD (motif ii) participates in coordination of Mn ϩϩ , the small amino acids (GG) within motif iii allow the donor sugar to fit deep into the pocket, and an acidic amino acid within motif iv is proposed to make contact with the sugar acceptor and to participate in nucleophilic attack on it. Similarly, in the crystallographic structures of human GlcAT-I with its substrates (26, 27) , DDD (motif ii) interacts with UDP and Mn ϩϩ , and the E within motif iv interacts with the acceptor substrate and is proposed to participate directly in catalysis. Indeed, even though bovine ␤4GalT1 and human GlcAT-I exhibit no significant primary sequence similarity, when the locations of conserved motifs ii, iii, and iv are mapped onto their crystallographic structures, it is evident that the spatial relationships of these motifs to each other and to the substrate binding pocket are similar (Fig. 6) . We suggest that analogous spatial relationships and functions exist among these motifs in members of the ␤3GT superfamily.
Genetic Analysis of Drosophila fng Mutations. Although sequence conservation provides insights into important motifs, it does not indicate whether a specific amino acid is absolutely required for function, or whether substitutions can be made that only partially impair function. Conversely, it is possible that critical amino acids are not absolutely conserved, because substitution of similar amino acids can be tolerated, or because compensatory changes can occur elsewhere in the protein. Genetic analysis provides a means of identifying amino acids that are essential for function without regard to their conservation. Nine ethyl methanesulfonate (EMS)-induced alleles of fng were recovered in an F1 screen for mutations that failed to complement a weak, viable allele of fng, fng 35UZ-1 (11) . Although this screen was reported in the initial characterization of fng, several of these alleles have not been described previously. We also characterized five EMSinduced alleles isolated in a screen for mutations that influence the patterning of adult tissues in homozygous mutant clones (12) , none of which have been described previously.
Of the 14 different EMS-induced alleles examined, 12 die during larval stages when they are homozygous, hemizygous, or transheterozygous with the strong alleles fng 80 or fng 13 ( Table 1) . The hemizygous condition was created by crossing fng alleles to a chromosomal deficiency that uncovers fng, DfriXT1. Only one of the alleles, fng 2 , is fully viable (Table 1) . A second allele, fng M69 , is semiviable. To check for temperature sensitivity, crosses with all alleles were conducted at three different temperatures (18, 25 , and 29°C); fng M69 was the only temperaturesensitive allele identified. Even at 18°C, the fraction of surviving adult flies is Ͻ5% of the expected frequency, and the surviving flies have very strong wing phenotypes. A second semiviable allele, fng 52 , was previously isolated by partial excision of a P element (11) . Although fng 52 is similar in strength to fng M69 , they Table 1 ). The genes identified in A-H were aligned by considering both PSI-BLAST and PILE UP alignments (see Fig. 5 ), and those in I-K were aligned by manually searching for the conserved motifs. Black boxes denote amino acids identical among 13 or more ␤3GT domains, and gray boxes denote amino acids that are similar among 13 or more ␤3GT domains. Numbers in brackets indicate the number of amino acids between motifs. Known or presumed sugar donors͞acceptors for each glycosyltransferase (A) GlcNAc͞Fuc, known (7, 8) . (B) Gal͞GalNAc, presumed by similarity to rat core 1 galactosyltransferase (32). (C) GlcUA͞ GalNAc, presumed by similarity to mammalian chondroitin synthase (33) . (D) Gal͞Gal, presumed by similarity to mammalian galactosyltransferase II (34) . (E) Unknown donor͞acceptor. (F) GlcNAc͞Man, for BRN, known (35, 36) , for the remainder, presumed to transfer either Gal to GlcNac, or GlcNac to Gal, based on similarity to mammalian enzymes (18, 20, 35, 37) do not fall into a simple allelic series because fng M69 affects the development of the wing more strongly than the development of the head, whereas the opposite is true for fng 52 (Table 1 and data not shown; refs. 11 and 28). We think this result is because fng 52 is a regulatory rather than a structural mutation (see below).
To characterize the relative fng function provided by different mutant alleles, we crossed all of the EMS-induced alleles to each of the three weakest alleles and scored the phenotypes of the transheterozygous progeny. According to well established genetic criteria, a chromosomal deficiency or a deletion allele can be used as a baseline for comparison in transheterozygous combinations (29) . If a mutant allele behaves identically to a deficiency, it is an amorph (genetically null allele). If an allele results in less severe phenotypes than a deficiency, it is a hypomorph (partial loss-of-function allele). If an allele results in more severe phenotypes than a deficiency, it is an antimorph. Antimorphic behavior implies that an allele produces a defective product that antagonizes the activity of the product of the other allele.
Although fng is required for the normal development of several different tissues, the wing is the most sensitive to reduced fng activity (11) . The degree to which tissue is lost from the wing varies among viable fng alleles, allowing them to be ordered into a phenotypic series, with fng M69 Ͼ fng 52 Ͼ fng 2 . Similarly, differences in the wing phenotypes of transheterozygous combinations of different EMS induced fng alleles were observed in combination with these viable alleles. All allelic combinations give some range of wing phenotypes; to quantify them we created a five-point scale in which a wild-type wing phenotype was scored as 0 (Fig. 3A) , a wing with only vein phenotypes was scored as Columns 2-7 show the average phenotypes of combinations of the indicated alleles, with the number of wings scored in parentheses. Phenotypic scores for combinations with fng 2 or fng 52 that are significantly greater with EMS-induced alleles than with DfriXT1 are indicated in bold, and scores that are significantly less are underlined. L, Lethal; ND, not determined. For point mutations, both the nucleotide changed and amino acid affected are indicated. * , stop codon. All EMS-induced mutations except fng 2 and fng 7 were originally induced on a P[w ϩ ] FRT80B chromosome. In addition to these mutations, the two following polymorphisms were identified: in fng 2 and fng 7 , at mRNA nt 690͞aa 193, GAG(E) to GAA(E); in fng 52 at nt 1605 (3Ј UTR), C to A. 1 (Fig. 3B), a wing with very mild wing notching (less than the  distance between veins 3 and 4, Fig. 3C ) was scored as 2, a wing with moderate notching (less than one-third of the wing circumference, Fig. 3D ) was scored as 3, and a wing with strong wing notching (less than two-thirds of the wing circumference, Fig.  3E ) was scored as 4, and a wing with severe wing notching (more than two-thirds of the wing circumference, Fig. 3F ) was scored as 5 .
Surprisingly, many of the EMS-induced fng alleles appear to behave as recessive antimorphs. fng 2 over DfriXT1 has mild wing notching (average phenotype of 2.3, Table 1 ). However, nine of the EMS-induced lethal alleles gave a more severe phenotype than DfriXT1 in combination with fng 2 (Table 1) . Although the average difference is slight, t-test analysis indicates that it is significant at the 99% confidence interval for six of the nine transheterozygous combinations (Table 1) . fng 52 has a stronger wing phenotype over DfriXT1 than does fng 2 , with an average score of 3.3. Although the phenotypic scores are based on smaller numbers because of the relatively low viability of fng 52 (Ͻ10% of expected flies survive in most cases), we again found that the strongest EMS-induced alleles gave more severe phenotypes in combination with fng 52 than did DfriXT1, and the difference is significant for eight combinations (Table 1) . Although some of the differences could be because of modifiers in the genetic background, this possibility does not suffice as a general explanation because the EMS-induced alleles tested are in different backgrounds, as are fng 2 and fng
52
. Additionally, to exclude the possibility that a modifier exists in the DfriXT1 stock, we also examined phenotypes in combination with an allele, fng 129 , which deletes the first two exons of fng and makes no detectable mRNA, and hence should be a true null (11) . This mutation gives phenotypes in combination with fng 2 , which contrasts with the reduced viability of fng 52 over DfriXT1 or any of the stronger alleles.
Molecular Analysis of fng Mutations. The existence of a large collection of EMS-induced fng mutations presents an opportunity to identify essential structural features of FNG without biases based on similarity to other ␤3GTs or sequence conservation among fng genes. To identify the molecular lesions responsible for these fng mutations, we sequenced genomic DNA from all 14 EMS-induced alleles, as well as fng 52 . Because homozygous mutant animals are lethal, they were identified at late embryonic or early larval stages by the absence of fluorescence generated by a GFP transgene on a balancer chromosome. The exons and portions of the introns of fng were then amplified in fragments, and the sequences of both strands of the entire coding region and splice junctions were determined. The results of these analyses are summarized in Table 1 and Fig. 1 .
Single nucleotide changes that alter the predicted amino acid sequence were identified in all 14 of the EMS-induced alleles. DNA sequencing also revealed a polymorphism between fng 2 and fng 7 , which were induced on a st e chromosome, and the remaining alleles, which were induced on a P[wϩ] FRT80B chromosome ( Table 1 ). The absence of other polymorphisms, together with the detection of unique changes within each mutant line, argues that the detected alterations are responsible for the mutation of fng. No alteration of the predicted coding region was detected in fng 52 . fng 52 retains some P element sequences, and the lack of alteration in the coding region implies that this is a regulatory, rather than a structural, mutation.
Six of the EMS-induced alleles are associated with point mutations that introduce a stop codon. One additional allele, fng 11 , lacks mutations in coding sequences, but has a GT to AT mutation in the splice-donor site at the beginning of intron 3. This mutation is predicted to prevent splicing of this intron, resulting in the addition of two intron-encoded amino acids and then a stop codon. Altogether, these seven alleles encode truncated proteins that contain as few as 180 and as many as 349 amino acids of wild-type FNG (Table 1, Fig. 1) . Notably, all seven mutations behave as amorphs or recessive antimorphs in genetic complementation tests. Thus, the truncation of as few as 63 amino acids from the C terminus completely eliminates normal FNG function. Five of these seven mutations delete all three of the motifs shared among putative ␤3GTs, and one deletes two of the three motifs. We have proposed that these motifs are related to motifs in ␤4GalT1 and GlcAT-I that make key interactions with substrates, and the absence of fng function in these mutants is consistent with this hypothesis. Indeed, given the substantial truncation of FNG, the mutant proteins would likely be unable to interact with substrates. However, some glycosyltransferases are known to form dimers (30, 31) , and in the case of ␤4GalT1 the amino-terminal transmembrane domain has been implicated in dimerization (30) . Thus, one explanation for the antimorphic behavior of truncated alleles is that FNG too may function as a dimer, and that the truncated proteins retain some ability to dimerize. Truncated proteins could then trap some of the protein produced by the other allele in nonfunctional complexes. Some variation in the strength of different truncated alleles was observed in our genetic analysis, which, according to this hypothesis, could be caused by differences in the stability of truncated products.
Seven of the EMS-induced alleles are associated with missense mutations, and six of these occur in amino acids that are identical in all FNG proteins. Only fng 2 , the weakest fng allele, is associated with a mutation in an amino acid that is not identical in all FNGs, and even in this case it makes a nonconservative substitution at a site where only conservative substitutions are found among wild-type FNG.
Notably, two of the missense mutations affect sequence motifs that are conserved among ␤3GTs. fng 14 is a mutation of D to N within conserved motif iv, and fng L81 is a mutation of G to D within conserved motif iii. Importantly, these mutations act as null or slightly antimorphic alleles and are genetically indistinguishable from mutations associated with stop codons that truncate FNG amino-terminal to motif ii. The recovery of these point mutations thus lends further support to the inference that these conserved motifs identify amino acids critical for the function of FNG, as well as that of other members of the ␤3GT superfamily. Moreover, the nature of these mutations is consistent with homology modeling to the ␤4GalT1 structure (Fig. 6) . The proposed homology implies that DD will be in a position to participate in a nucleophilic attack on the sugar acceptor. Although N is similar is size to D, it cannot act as a nucleophile. The GAG motif is proposed to allow donor sugars to fit into the central pocket; the disruption of this motif caused by mutation to D in fng L81 could preclude donor sugar binding. The GAG and DD motifs overlap motifs that have been recognized as being conserved among certain glycosyltransferases (9), but these fng mutations constitute a demonstration that they are in fact essential for ␤3GT function. Finally, we also note that the recovery of two independent point mutations in motifs that are conserved among ␤3GTs provides further support for the conclusion that the glycosyltransferase activity of FNG is essential to its ability to modulate Notch signaling (7, 8, 10) .
Four missense mutations occur in amino acids that are identical among all FNG proteins, but are not obviously conserved among other ␤3GTs. They may thus be required for unique aspects of FNG function, such as recognition of its EGF-O-fucose substrate. All four of these mutations are strong alleles, but are nonetheless slightly weaker than nonsense mutations or the missense mutations in ␤3GT motifs. Interestingly, two of these mutations, fng L83 and fng 3 , occur seven amino acids apart, along a predicted amphipathic helix amino-terminal to motif ii. fng M69 has a T to M change, and the conditional nature of this mutation suggests that it may affect the stability of the correctly folded protein. fng 1 is intriguing because it is a strong fng mutation, yet it is associated with the conservative substitution of a S with a T. This S occurs in the middle of a six amino acid motif that is identical in all FNG proteins (Fig. 1) , which constitutes the most extensive block of sequence identity outside of the ␤3GT motifs. As four of the six amino acids are polar or charged, the S is most likely solvent exposed. The fact that its replacement by T severely compromises FNG function suggests that the positioning of the hydroxyl group of the S is absolutely critical for normal FNG activity.
